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ABSTRACT 

We review the Cosmology/Particle physics interface focusing on two of its 
most active areas. inllation and dark matter. 

1. INTRODUCTION 

In less than a decade, the interface between elementary particle physics and cosmology bra 

grown from oblivion to become a central arena for physics and astronomy. To attempt to review 

the whole interface would now require at least a full book’ rather than a Comments article. 

Thus, this article will concentrate on two of the subtopics which have shown great activity in the 

past year, namely, inflation and the dark matter problem. These topics are slightly related, since 

inflation requires a dark matter solution which is somewhat ditlerent than the traditional r&r+ 

nomical dark halo problem. However, before going into detail on these two problems, it is useful 

to cite other subtopics where activity has occurred and give references to appropriate reviews on 

those topics. 

The whole field opened up as the hot Big Bang model became well established with quanti- 

tative observational verifications of the 3 ‘K background* and the light element abundances.S In 

particular. the current state-of-the-art oredictions of Bie Banp nucleosvnthesis on the abundanws 
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ol ‘He, ‘He, D and ‘Li. range cwr 9 orders of magnitude and yet are not in disagreement with 

observed primoridial abundances. These predictions also extend to the number ol neutrino 

flavors‘ wit,h the current prediction ot 3 with an upper bound” of 4. This cosmological prediction 

about fundamental physics will be checked” with measurements of the width of the 2’ in colliders. 

Such verification will mark the first, but hopefully not the last, time th3t cosmolog?. hs led to 

fundamental particle physics and changes astrophysics from being a parsite that uses other areas 

of physics without producing any new knowledge about fundamental processes. 

In addition to the constraints on neutrino tlavors. cosmoloa also limits other properties 

including masses, lifetimes. abundances and coupling constants for various proposed elementary 

particles. For a detailed review of the procedures used, see rel. 6. An arc3 whrre particle physics 

and condensed matter physics have led to a better understanding of the early universe has been in 

the study of phase transitions. For a surnmar~ of the current st&4-the-art in this area, see ref 

7 on phase transitions in tbe early universe. 

Such phase transitions include electroweak symmetry breaking. super-symmelry (SUSY) 

breaking and/or grand unified (GUT) symmetry breaking. This latter phase transition was origi- 

nally thought to be tied together with inflation, although it now seems that they must be distinct. 

The GUT transition is also the transirion where a net baryon number is produced in the early 

universe’. SUSY breaking has become an area of intense interest recently with many theories 

connecting SUSY or supergravity (SUGR) to higher numbers of dimensions. Thus, even the ques- 

tion 01 bow our universe achieved its present 3 spatial plus 1 timelike dimension is beginning to 

be studied. 

The one area where particle physics and astrophysics have had a long history of interfacing 

is in the study of cosmic rays. Particle physicists have gone to the cosmic rays whenever energies 

were required in excess of what current accelerators could produce (the big bang goes even higher, 

but it is not accessible). The new data coming from Utah’s Flys Eye are beginning to signlcantly 

improve our understanding ol the very high energy cosmic~raysO. The interaction of these parti- 

cles with the 3 ‘K backgrourl ” also ties these studies into cosmological questions. In particular, 
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the shape ol the ultra high energy spectrum and its associated neutrinos may be related to the 

epoch of galaxy formation and energetic early s&rces like quasars. 

We will now look in detail at two specific areas where cosmology and particle physics are 

very close, at inRation and the dark matter problems in connection with galaxy formation. 

t. INFLATION 

Instead ol beginning this section with a review of the cosmological problems wived by 

Guth’s inflationary scenario”, (and th e new inllationary scenario’* ) we would like to first look at 

some of the pre-Guth work that went into the making of the inllationary Universe. The earliest 

wlrrence we know to a scenario that resembles what occurs in inflation. is a paper by Gline? in 

1966. in that paper. Gliner looks at the various possible lorms for the eigenvalues of the energy- 

momentum tensor and their description as different types of matter. He concludes that the case 

when all low eigeovalues are equal (as in lhe case 01 with a cosmological constant and no ordi- 

nary mat~ter) corresponds to “matter” with the properties of a vacuum. Hence a vacuum dom- 

inated Universe with positive energy density must correspond to a De Sitter model. 

In a later paper, Gliner and Dymnikora” came very close to what is the present theory of 

inflation. In this paper they a5surne a transition from a vacuum dominated state to a radiation 

dominated one. Their idea was actually to remow the initial singularity with De Sitter space. 

Their model is then restricted by ensuring that the total entropy al the Universe agrees with the 

observed entropy. They also choose two possible values for the energy density ol the YBCUUIII: 1) 

the scale set by weak interactions p-(lC?Cc~‘; and 2) the planck scale p-(lO’gCeV)‘. Although 

grand unification was introduced”’ a year earlier, they can hardly be faulted for not discussing a 

GUT transition. Their results show that the transition produces an enormous growth ol the scale 

factor and indeed for the planek-scale vacuum, there is a change in the scale factor by about 30 

orders of magnitude. remarkably similar to the present goals ol inflationary models. 

More recenlly. but still prior to the observations ol Guth, a number ol papers came very 

close to the inflationary scenario without really hitting it. R’hat they lacked in terms ol explain- 



ing the present abundance of entropy, they made up for in being much more explicit in terms of a 

detailed phase transition. Kolb and Wolfram’s studied the cosmological consequences of the 

SC’(Z) Y U(l) phase transition and showed in detail that for a first order transirion. the Universe 

could have been dominated by the va~wrn enera density of the symmetric phase and that acting 

like a cosmological constant. the expansion rate of the Universe was exponential rather than a 

simple power law. In addition. they noted that if strong enough, the phase transition could pro- 

duce a great deal of entropy and perhaps even density inhomogeneities. 

Sato’s also studied the effects of a first order phase transition in the early Universe. Looking 

at a GUT phase transition, he showed that the horizon could be stretched exponentially large but 

was mainly concerned with domain walls. due t,o spontaneously broken CP and preserving a 

baryon symmetric LXverse. Such a scenario, however, has little hope in deriving a baryon to 

photon ratio of the right order of magnitude. In a second paper, Sata” looked carefully at the 

mechanism in which the phase transition proceeds, i.e.. through the nucleation of bubbles. He 

realized that unless the nucleation rate was fairly large, such a phase transit,ion might never be 

completed. A preview to the fate of the original model of iollation. 

Independently, Karanas ‘s also showed that the e&cts of a Brst order transition could have 

greatly changed the expansion laws of the early Universe. hlore importantly, Kazanas had asked 

whether or not the exponential expansion could have lasted long enough to account for the 

observed isotropy of the Universe today, i.e. one of the key problems which inflation sets out to 

SOIW. 

This brings us then to the inflationary Universe model of Goth”. The motivat,ion for such a 

model was to solve two classical cosmologicai problems: the horizon problem and the flatness 

problem. Guth’s initial motivation, however, was to find a solution to the monopole problem’*. 

As we will see, there are several other problems which are potentially solved by inflation a5 well. 

The horizon problem basically refers to the question of the high degree of overall isotropy 

observed today. The horizon volume or the volume of a c&ally connected region today is simply 

related to the present age of the Cniverse I,, cc fOs, The microwave background radiation with 
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temperature T, - 3 ‘K has been decoupled from itself since the epoch of recombination at 

Td .-lo’ ‘K. The horizon volume at that time was V&L:. Now the present horizon scaled 

back to the time of decoupling will be V. - V,( T,/T# and the ratio ol this volume to the hor- 

izon volume at decoupling is 

vi IV, - , Val Vd), To, Ts)“-,+y- 10” 

Where we have taken t, - 3xlO”s., t, - 5X IO” 6. This ratio corresponds to the number 01 

causually disconnected regions at recombination which grew into our present visible Universe. 

The problem is that it is difficult to understand why all of these regions had the same tempera- 

ture. The limits on the anisotropy of the microwave background radiation indicates that on small 

scales” (but still causually connected at recombination] 

AT/T 2 (2-5) x 10d (2.2) 

(Even on the largest scales” AT/T 5 10J)) 

Why 10s causually disconnected regions all had the same temperature at T, is the horizon or iso- 

tropy problem. 

The flatness problem refers to the lack of certainty as to the overall geometry of the 

Universe, i.e., we do not know if the Universe is open or closed. To see this, let us go back to the 

Friedman equation governing the expansion rat,e of the Universe, 

H2 = ($2 = $.$ - $ + + 
D (2.3) 

Where H is the Hubble parameter, a is the Robertson-Walker scale factor, p is the total mass 

energy density of the Universe, M, = 1.22X10” GeV is the Plaack mass; k = &l,O is the cur- 

vature constant determining whether the Universe is open (-l), closed (+l) or Eat (0), aad finally, 

A is the cosmological constant. Neglecting the cosmological constant, we can rewrite (2.3) as 

k/2 = (n-1) Hz (2.4) 

where 
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(2.5) 

is the cosmological density parameter and 

G E 1.88 x lOem At gcmJ WI 

is the critical energy density today and h, is the present value of tbe Hubble parameter 

h, = H,/(lOO~m Mpc-’ SC*) (2.i) 

Observational limits iadicate only that R<4 and h,<l. It is possible to form a dimensionless con- 

stant from (2.4) if we assume that the expansion of the Universe has always been adiabatic CC T’ 

i=L 
a2 P 

= (n-1) H,‘/7’ < 3e/T,’ 5, 2 x 10~ (2.8) 

II c were any larger the Universe would either have expanded away or recollspsed long ago. 

Equation (?.8) then becomes an initial condition to one ol the parameters in the standard cosrn~- 

logical model. The smallness of k or the proximity of n to 1, initially represents the Ratneu or 

curvature problem. Other cosmological problems which can be solved by inflation include the 

monopole problem’s, the rotation problem”, the gravitino problem” and perhaps, the origin of 

the initial Buctuations that eventually form galaxies and clusters”. 

The key to Guth’s iailationary model is then to break the assumption that the Universe has 

always been expanding adiabatically. If. lor example, there was a East order phase transition in 

the very early stages of the Universe in which the scale factor, a, increased mnny orders of magoi- 

tude relative to T, both the horizon and Eatness problems would be solved, in particular, fl would 

be driven naturally to one. In Guth’s original model, the phare transition most natural to COD- 

sider was the breaking of W(5) to SU(3) x W(2) x U(1). II th e scalar potential for the Higgs field 

c (a 24 to break W(5)) had a shape such as that given in Fig. 1, the Universe would have super- 

cooled to the state with < C> = 0. The barrier between < C > = 0 and the global minimum 

at < C > = v prevents the transition from occurring rapidly. Because the energy density of 

radiation falls as p-p, eventually, the constant vacuum energy density \g zcz VlO) begins to 

dominate the expansion rate ol the Universe. V. acts then as a cosmological constant 
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the expansion then shifts from a simple power law (I-# to an exponential 

d - exp(Hf) (2.10) 

II the timescale for completing the transition r, is long enough so that Hr>65. (a would be 

increased by a faetor e” R= 10” ) the cosmological problems would be solved, 

In the original inllationary scenario, the phase transition given by a potential with a large 

barrier as in Fig. 1, proweds via the formation of bubbles%. The Universe would reheat, i.e., the 

release of entropy must occur through bubble collisions and the transition is completed when the 

bubbles fill up all of space. It is now known- -, however, that the requirement lor a long timescale 

r is not compatible with the completion of the phase transition. The Universe as a whole remains 

trapped in the exponentially expanding phase containing only a few isolated bubbles ol the broken 

SU(3) x SU(2) x U(1) phase. 

The well-known solution to this dilemma is called the new intlationary scenario’*. If the 

shape of the potential V (C) resembles that of Fig. 2 rather than Fig. 1, the phase transition 

would proceed not through the formation ol bubbles, but rather, by the long rollover in which C 

picks up a vacuum expectation value. During the rollover, the vacuum energy density would 

remain essentially constant for a long period ol time triggering the exponential expansion. Corn- 

pletion ol the transition is thus guaranteed and reheating occurs through the dissipation of energy 

due to field oscillations about the global minimum. Early models fur new inflation utilized 

Coleman-Weinber$’ type symmetry breaking for SU(5). Th ese too, turned out to be problematic 

as we will soon see. 

A scalar potential with a shape as in Fig. 2, is subject to several requirementsZB in order to 

produce a satisfactory model for inflation. We will here, only outline the two key requirements. 

The first is obviously that the rollover time scale T be long. The timescale is generally determined 

by the classical equations of motion for a field 4 moving under the inEuence ol a potential (VS) 

2 + (3H+r) ,j? + $I = 0 (2.11) 
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where r is lhe rate of interactions of the scalar field 9. Initially we can neglect 1; and the r$ term 

is only relevant for r>H. Inflation (a slow rollover) can only occur il r<H 60 that 

3Hi + avIa@ = cl 

i' FT $I$ - (a21yad2)/3n (2.12) 

Hence near t,he origin &H<<r. we must require 

azv/aozI,eo -c 3tip5 (2.13) 

i.e.. we must have a flat potential near the origin. 

A second key constraint coocerns the production of density fluctuations during the phase 

transilion. In general there will bc ZI time spread over which in certain regions of space, Q rolls 

down later or slower than in others. Density perturbations have been calculstcd” in terms of 

this time spread 

6P 
-7 

0: H6r (2.14) 

b where p IS the magnitude of the perturbation as it enters the horizon and 6r is calculated in 

terms 01 H and 6. Limits coming from the istotropy or the microwave background radiation 

imply that 

(2.15) 

These two constraints are alone sufficient to rule out SU(5) - Coleman- Weinberg type intlation. 

SP Mass scales in GUTS tend to be much larger than required by (2.13). and p is calculated to be 

about five orders of magnitude larger than (2.15), although the spectral shape is of the Harrison- 

Zeldovich type which has been argued as good lor galaxy formation. Other maladies are present 

as w?ll.~~” 

In the past few years. two variants on the new inflationary scenario have emerged: 1) pri- 

s? moridal supersymmetric inflation’* and 2) chaotic intlation.~ Primoridal intlatiooary models are 

simply those in which the scalar field responsible for inRation is no longer associated with the 24, 
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or N(5), but rather with some other field 4, dubbed the inEaton, which picks up a vacuum expec- 

tation value <@> >> <C>, thus allowing for II longer rollover timescale. Supersymmetry 

oBers the possibility lor keeping small those radiative corrections responsible for large walar 

maws, i.e. supersymmetric theories naturally have Batter potentials.wJ’ 

Chaotic inflation” which may or may not be supersymmetric. is an interesting variant or 

the new inRationary model. The potential for the inflaton may be something as simple as 

y$)=X$‘. The idea is that. at early enough times, the initial value for 4 in some regions or 

space may be quite large (6 > MP) for small enough A. In this case the rollover occurs as Q tends 

toward the minimum at 6 = 0. The magnitude or X is determined again by conditions like (2.13) 

and (2.15). The major problem with this type or scenario is that unless the gradiant or 6, a,$ is 

very small. (a,# 2 X6’, inflation cannot occur. This requires the length scale for the uniror- 

mity of 6 to be at least IO5 H-‘, i.e. much larger than the scale of lhe horizon. 

lo all models of new inflation, the Universe is reheated due to the dissipation or the coherent 

field oscillations about the global minimum. ss Thus the inflatoo must not be too decoupled from 

the rest or the particle world. II f, denotes the rate or interactions between @ and other fields, it 

i6 not hard to show that for Tr<H,. where If, represents the value or H at the onset of inflation, 

then the temperature to which the Universe reheats is given by 

TR - (rd4) 112 (2.16) 

II MH is the mass or the lightest Higgs boson carrying baryon number violating interactions, then 

the baryon to photon ratio produced after the reheating is 

“B 
- - (T.dW~ * 

(2.17) 

where L is the net baryon number produced in the decay or a H,H’ pair. For nB/8 2 11~10 we 

have the limit T, ) lo-” MH/,lc 2 IO’GeYfor &>lO” GeV and (<lOA. 

Because of its capability of producing Bat potentials, supersymmetric inflation has been of 

great interest lateI!. For example. attention has been focused on finding a theory in N = 1 

supergravit? which has inRationary capabilities.U In these theories one specifies a superpotential 



f from which one derives” the scalar potential V(m) 

I?dl)= c G 
1 

ac ac 
~&$$--‘3 1 (2.18) 

where 

G = 6$’ + l”lJJ* (?. 19) 

is the KBhler potential in minimal N = 1 supergravity, f must the” be chosen so that V(6) com- 

plies with the conditions for inflation discussed earlier. The simplest example for I, satisfying the 

inflationary requirements, is= 

, = m~(l-+)‘t (2.20) 

The mass scale m is determined to be 0 (lo-’ ) from the calculation of 6p/p. 

Because the inflate” is generally taken to be a gauge non-singlet, there is an additional con- 

cern regarding initial conditions. h’ormally, one expects tbat symmetries are restored at high 

tempertures so that a natural initial condition for <d> is <d>=O. InEatian then takes place 

as <d> moves from 0 to w=MP In these models “symmetry restoration” must be added as a” 

additional constrai”t3’. Namely, we must also require tbat at very high temperatures there exists 

a minimum at #=O. II has been shown, *a however, that no choice of a superpotential can simul- 

taneously satisfy the inRationary constraints and the thermal constraint. 

Another constraint on the initial conditions comes from the fact that at high temperatures 4 

is not localized “ear 6-O but rather, 6-T and hence, a5 the Universe cools ~5 may fall directly to 

the global minimum at d=vso. Recently, it has been shown that these ditliculties are most easily 

avoided in models of primordial inflation.“’ 

A route to tackle the problem regarding the thermal constraint and finding a model with a 

suitable superpotential is to look at “on-minimal supergravity models, i.e., those in which a 

a2cJa4a4' # i 

If. instead. one considered” 3 general form for G 

(2.21) 
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G - Q+ (6 + 0') + Q: (#+? + Q+( (@ + de) + Q,,'(# $3 (6 + 69 + ' (2.22) 

where Q,,Q$ etc. are couplings. It is then possible to derive relations between the ~$2 to satisfy 

the inflationary cooatraints as well as ibe theimal constraint. Tbe extra degrees of freedom in G 

allowed the constraints to be satisfied without the inclusion ol several scales. 

There are also specific non-minimal models based oo SU(n.1) supergravity* which s&sly all 

constraints.” In these models the K%bler potential has the lorm 

G = 3ln(r+r’-~~‘/3)+)ln)~* (2.23) 

where E is the field which breaks supergravity (see references” for a discussion on the z field in 

minimal supergravity theories) 4 is the intlaton and I is the superpotentixl. In these theories it is 

possible to write down a superpotential as in eq. 2.20 which in addition satisfies the thermal con- 

straintU 

I- mz(H’/4Md’). (2.24) 

SU(n, 1) models slao prove to supply very simple superpotentials for the chaotic inflationary 

scenario as welP 

f- XLfqlS (2.25) 

Hence, it appears that supergravity indeed. can supply some simple models for the inflationary 

To conclude this section. we note that other types or intlationary models are available. Here 

we can only list the different types. These include the non-singular cosmologies which begin with 

o De Sitter intlationary period”, models employing SU(5) singlets which can also help solving the 

strong CP problem”, mEation driven by exotic objects such as doman walls’*, and iollation pro- 

duced in Kalura-Klein models utilizing extra dimensions’*. In addition, Gott w has shown that 

something like the inIlationary scenario is needed for purely geometric reasons. 
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3. DARK MATTER 

There art ~cveral diKcrvnt dark matter problems in astrophysics.” The Iirst is the local disk 

problem.b’ where local dynamics implies that there are about equal amounts of unseen matter and 

observed matter. However, this problem is probably connected to baryons in low luminosity 

forms in the disk (white dwarfs, low rna5s stars, “Jupiters”) and may not have any connection to 

cosmology nor particle physics. There are only limits which rule out massive objects and frown 

on black holesss. The other three classes of dark matter problems are on larger scales and will be 

the locus of the rest or this section. They include: 

(1) Dynamical Halos (including evidence from rotation curves, dwarf epheroidals and binaries 

and small groups and large clusters) 

(2) Galaxy Formation and Clustering 

(3) The R = 1 of inEation. 

Each or these will be discussed. 

It should be emphasized that at least ~.ome of the dark matter must be baryonic, and in fact 

all ol the halo material could, in principal, be baryonic. However, il problems (2) and (3) are real 

then we are forced to require additional non-baryonic material. Simple one particle dark matter 

hypotheses, whether “hot” or “cold” or “warm”. are shown to not simultaneously solve all 3 

problems and even hybrids of two kinds or stable non-baryonic mat,ter fail. [“Hot” particles are 

those which are relativistic, like 10 eV neutrinos, until shortly before recombination: “cold” parti- 

cles are ones which are slow moving well before decoupling like 10 GeV gravitinos or axions; and 

warm ones are in between.] More complex “ugly” solutions can be made to work but, at present, 

each needs more fine tuning than one would like. Solutions with strings, seeds from the quark- 

hadron-chiral symmetry transition, decaying particles and light not being an unbiased tracer or 

ma will be discussed. 

(a) Halos 

The classical dark matter problem is the now well established observational fact that gal=- 
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ies have dark halos. Thir; problem is nicely described and documented in numerous review?’ SO it 

won’t be gone into detail tare. A simple summary of the results will sufiice. Basically, galactic 

masses, M. are measured using simple dynamics,. 

M- t&/G 

where v is the orbital velocity, I the separation distance and G, Newton’s constant. IThen this is 

applied to the visible regions of spiral galaties, the typical mass obtained is -1CP.Q with a 

mass-to-luminosity ratio M/L -lOh, in solar units. Even this M/L is in excess or what is directly 

seen. 

When equation (3.1) is applied to binaries and small groups, it is round that the implied 

masses increase by a factor of - 10 while the amount of light is not increased at all. thus M/L 

approaches - lOOh. This is known as the dark halo problem. The mass must be there so it is 

not the mass which is missing but the “light”, thus Steigman and DNS= relerred to it as the 

“missing light problem”. The need for dark halos has also been discussed on theoretical grounds” 

as necessary for disk stability. As well described in the reviews, it is also supported by measure- 

ments or rotation velocities versus radius for distant material such as stars and gas a5 well a~ 

other galaxies. While mentioning dark halos it is important LO note that dark halos may even 

surround small dwarf spheroidal galaxies” as well as spirals and ellipticals. If true, this has 

important implications on what material could form these halos since phase- space arguments’ 

would not allow neutrinos to work on these small scales. 

As we go to the still larger M&S or large clusters and superclusters the apparent mass per 

galaxy and thus the best estimate for M/L continues to rise, however, the uncertainties and 

scatter in the data alao increase. The range for M/L’s implied from these large scale measure- 

ments using the virial theorem (where averages for <v2> and <r> are used in eq. (3.1) and 

from looking at the deviations in the Hubble 6ow caused by infall into the Virgo cluste? is from 

-lOOh, to- 500h,. Nothing gives a significantly larger M/L. It should also be noted that 

whether M/L keeps rising beyond - lOOh, or not at large scales is still not unambiguous. 
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The M/L’s can be msde cosmologically relevant by multiplying by 

L=2 x 108h,~/:.fpcs (3.2) 

the average luminosity densityb3 (care needs to be taken to use the same iilter bands for & and the 

L’s in the M/L’s, diflererx M/L’s than listed are frequently quoted but they correspond to a 

diRerent L thus maintaining the resultant product.) The product p=hf/L-L is the implied matter 

density if that M/L applies to the average light in the universe. The density parameter fl thus 

obtained is independent of h, since p,,,p:bt and (M/L)Lorh:. The results are summarized in 

Table 1. Note that since most galaxies are not in the largest clusters, their M/L may nol be ass+ 

ciated with L, but perhaps, is only related lo some special process involved in lorming these 

things. Thus, while we can say with some conlidence that R20.07, we are not forced to make it 

significantly larger on the grounds or unambiguous observational evidence. Note also that while 

the M/L and the implied R do tend to rise with scale, no observation yields an implied R or unity 

or larger. The only way to achieve an Q0.4 would he to have significant amounts or material 

tbat does not cluster within the bounds or the largest clusters. 

(b) Galaxy Formation 

To form a galaxy requires a density Buctution, 6nb in the baryon density, nb Such a 

fluctuation can come from a primordial fluctuation or it can be created by shocks coming from 

explosions or prc-existing seeds”, with the origin of the seeds still requiring some primordial 

occurrence. Classicallye*, two kinds of primordial Euctuations were discussed; 

1) isothermal, where n,=consfnnl 

2) adiabatic, where n&/n, ==eonalanl 

where n, i the photon density, 

We now know that baryons can be produced by GUT interactions in the early universe’ and 

we have no other convincing way to produce the observed excess or baryons over antibaryons. 

Turner, DNS and Press” noted that such production is only easy to make compatible with pri- 

mordial adiabatic fluctuations since in such schemes nb is a unique function of temperature T, 
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thus 6nb must be accompanird by a 6Tyielding a 6n,. Once primordial adiabatic fluctuations 

are accepted then there is a direct connection between 6ndn, and the hoped-t+be observed varia- 

tions in the 3 ‘K background. As mentiond earlier, recent limits on the 3 ‘K ariisotropym tell us 

that 

6T/T < “xw5 (3.3) 

at the decoupling of the radiation from the mal.ter which occurs at T - 3000 ‘K. We know that 

density perturbations grow linearly with l/T in an expanding universe once the universe is matter 

dominated. (Growth will cease in an open universe at redshift z -l/n). Since baryons are co”- 

pled to the radiation, their perturbations must be small at T - 3000 ‘K. (Naively 

&PIP = 36T/T but detailed calculations” through the decoupling epoch taking into account the 

averaging techniques in the measurements show that the proportionality is a little diNerent from 

3.) 

We know that at the present epoch of T - 3 ‘K, that density variations * ) 1 
P 

exist on scales Up to at least the large clusters of galaxies. Linear growth tells us that this 

6P requires - > lo+ 
P 

at T-3000 ‘A’. But, from limits on &T/T it is known that 6na/na syntax 

error Blc CosmoPaper, between lines 688 and 688 must be <<IO-’ at T=3OoO ‘K, thus 

b/p >> 6nJn(, 01 T - 3000 ‘K. We are forced to non-baryooic matter if we aSame adia- 

batic perturbations and linear growth. Detailed calculations”’ even with non-baryonic matter, 

bave noted that growth is cut by a factor - l/II and find that R - 1 (at least fl>0.4) is 

required to get 6p/pwl today. [Remember once 6p/p>l, non-linear growth can occur so the 

existence of some objects with &p/p>>1 is 001 a problem unless the scale is so large that bp/p 

could not have reached unity.1 
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(c) Galaxy Clustering 

An important constraint on the dark matter involved with galaxy formation is how galaxies 

are clustered and bow clusters are clustered. There are two important considerations here. The 

first is the galaxy and cluster correlation lunclions. The second is the existence ol large scale 

filaments and voids. Let us begin ait,h the latter. 

Although there is still no unambiguous, unbiased statistical study of the problem, there is 

definitely a growing tread among observers to note large scale boles in space and to note the lin- 

ing up of the largest clusters along tilamentary lines. M The scales of such ordering corresponds ta 

mass scales EM> 10’“&. Such structure requires density Euctuations &p/p exceeding unity on 

extremely large scales. It has been estimatcdm that with random fluctuations the probability of 

such large scales having Ep/p>l so that non-linear growth can set-in is about equivalent to a 40 

event. 

The existence 01 these very large scales has been used by some to argue lor oeutrinosa8@.e’, 

(or other “hot” matter) as the dark matter candidates or to favor non-random phases.“~” How- 

ever, it may also be possible t,hrough statistical fluctutions to obtain a few rare such cases in 

“cold matter” scenarios.” The test will be v&ether larger surveys reveal these very large struc- 

tures to be rare or common. 

The use of 2, 3, and even 4 point correlation functions has been developed by Peeble? and 

bis co-workers to a Bne art that b;u now become a cornerstone of modern cosmology. In particu- 

lar the 2-point galaxy:galaxy correlation function {(I) which is defined as the excess probability 

over random for B galaxy to be at a distance r from another galaxy is found to be proportional to 

r-l.’ which is equivalent to a lractal of dimension 1.2. That is, galaxies do not fill all space and 

they we correlated. The correlation may deviate lrom this power law at large scales and may 

even go negative” for r .zZOM~~. It is also interesting that the 3-point lunction is what one 

would expect for B hierarchical clustering scenario where large scale builds up from small. This 

used to be B strong argument in favor of primordial isothermal lluctuations before grand unified 

theories, since a pure baryonic isothermal model produced hierarchical clustering whereas a pure 
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baryonic adiabatic model produced large scales first and required fragmentation. However, we 

now know that hierarchical clustering can be achieved with cold (or warm) particles in adiabatic 

scenarios. In addition, Fry ” has shown that scenarios which produce large scale filaments will 

also yield a 3-point lunction which fits the data. 

An exciting new result by Bahcall and Soniera and by Klypin and Khlopo~‘~ lollowing ear- 

lier explorations by Hauser and Peebles” is the recognition that the correlation function between 

clusters also has the r-l.* power law dependence but is - 20 limes stronger than the galaxy-galaxy 

function on the same scale and is definitely non-zero on scales up to al least 100Mpc. This 

seemed somewhat perplexing. and was not a simple quantitative consequeuce 01 pure baryonic nor 

“cold” nor “hot” models.‘6 One possible explanation was that clusters are 30 efie~ls’~ and the 

correlation 01 such effects would be significantly enhanced over the rest of the Ructuatious. Such 

an interpretation would mean a proportional amplicalioo, thus if the galaxy-galaxy function goes 

negative at - 20 Mpc, so should the cluster-cluster lunclion. This seems lo contradict the obser- 

vations, however. both the negativity at 20 Mpc in lbe galaxy-galaxy function and the strength 01 

the cluster-cluster lunction at large scales are not yet beyond question. More observatioual work 

is clearly required. However, it should be remembered that any reasonable galaxy formation 

Buctuation spectrum yields negative galaxy-galaxy correlations al a lew lens 01 Megaparsecs and 

the cluster-cluster lua$ion is definitely positive on these scales. 

An alternative way to look al the cluster-cluster versus galaxy-galaxy functions is use a 

dimensionless approach *Lo In particular. instead of using the same units for r lor both galaxies 

and clusters one “renormalizes” and uses a unit 01 the average separation distance 01 the object 

being studied. la these dimensionless units the cluster-cluster lunction is actually weaker than 

the galaxy-galaxy function by a factor 01 about 3. But as one goes lo higher richness, clusters 

with longer dimensionless length scales, tbe renormalized amplitude slays roughly constant (in 

Mpc units, higher richness classes yield stronger correlations). Such a renormalized approach also 

means that negative correlations in the galaxy-galaxy function at 2Ohlpc might not manilest 

themselves onto the cluster-cluster [unction until - 2OOMpc since the renormalized length units 
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for clusters are - iC liiilcs those for the galaxy sample. II tbe dimensionless approach has any 

physical merit i!, mu:.: n:x+o that there is some other physical process at play on large scales 

which is scale free. Since the r-l.* or 1.2 fractal character holds in both limits this would imply 

that the process giving the wale free character is the 1.2 fraclal producing process. Possible phy- 

sical processes which yield large linear scale structure include explosion percolalion0’~‘8~‘*” or 

strings.” 

(d) Inflation 

In the previous section, we discussed inllation and how it required .Q=l. This yields a 

different dark matter problem since it requires matter that is outside of galaxies and clusters, 

since galaxies and clusters dynamics never yield R>0.4. Note that even given the many diBerent 

scales lor fl in table 1, they are all different than the universal value R=l. 

(e) Baryoos 

In addition to the arguments presented above, there are other constraints on what normal 

baryonic matter can do for these problems. In particular, a detailed comparison ol the slale-ol- 

the-art Big Bang Nucleosynthesis calculations and the current observed abundances yields” an 

extreme upper bound oo the baryonic density, Rb, of 0.19 with a reasonable bound put al 0.14. 

These limits can be lowered lo 0.15 and 0.10 respectively if the new limils80” on the background 

temperature are used. Yang, et al.” also point out the existence of an extreme lower bound on Clb 

of -0.01. This lower bound can be lightened” n,>O.O3 using limits on the age of the universe 

from nucleochronology and globular clusters. This range ore II, is intriguing. On the one band it 

tells us that the halos even in the large clusters can be completely baryonic. On the other, it 

tells us that at least some or the baryons are not shining. We know that home of these noo- 

optically shining baryons are shining in x-rays as evidenced by the x-ray gas associated with large 

clusters*‘. II all the galaxies have as many non-optical baryons associated with them a do the 

ones in large clusters, then we know the answer lo the dark halo problem= - baryons. However, 

it has been argued= that it would lake a very peculiar baryonic object lo work. Jupilers or low 

mass stars work, but only if produced in large excess of any extrapolation of observed stellar 
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init,ial mass functions. Similarly, stellar mass black boles work only if they’re not produced with 

accompanying heavy elemrn! ;~roducing supernovae. (Stellar rrws black holes count as baryons 

since they would have been in the form or haryons during Big Bang nucleosynthesis.) The sarest 

possibility lies in very massive (M>iWJAb) black holes which were formed by gravitational insta- 

bilities leaving no ejected material. But as we have seen, although baryons might solve galaxy 

lormation with adiabatic Eucluations. they cannot accounl for n=l from inflation and they do 

not naturally give the large scale structure. 

(I) Candidates 

La us now examine possible solutions Lo the cosmological dark matter problems. Single 

particle non-baryonic candidates have been divided into “hot“, “cold”. and “warm” following 

Bond and SzalayeB. The logic to this division comes from the effective Jeans mas?’ 

(3.4) 

This is the smallest scale which can initially collapse when particle i 6rsl dominates the mass den- 

sity or the universe. Al times earlier, when the temperature T > m, species i would be relativis- 

tic and damp out all adiabatic fluctuations out lo the horizon. m, is related lo the horizon mass 

at T = m,. For lighthot palicles, m, is large and large cluster scales form first and eventually 

fragment to make galaxies, for heavy-cold parlicles,w MI is small, 60 small scales can form. 

]Axions * have a small mzss but were never in thermal equilibrium so they have a low velocity 

and thus a small M,.] Table II lists various proposed particles and their classification. 

Massive neutrinos are the least exotic of the proposals since they are known particles and 

although their massiveness is not required it is also not lorbidden. Since neulrino interactions and 

spins are well known, it is easy to calculate the exact density of them produced in the big bang 

(cr. ref. 6 and references therein). In particular it can he shown that tbey decouple at - 1 MeV 

so their present temperature will be -2 ‘K compared to a photon temperature or 3 ‘Ii, due LO 

subsequent e+e- annihilation heating the phot.ons relative to the neutrinos. The net result, ioclud- 

ing spin factors, is that the number density of a neulrino cpecies 11, + 5;, is --I5o/cm~ 2s 
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compared LO - 450 for photons. Other more weakly interacting species like gravitinos decouple 

woner allowing more annihilations to heat up ~‘6 and 7’s. Therefore, the temperature and 

number densities of these ultra weak species will be still lower”, thereby allowing larger single 

particle masses without exceeding cosmological density limits. 

Planetary mass black holes behave just like any elementary cold particles.88 but their pro- 

duction requires a first order phase transition to occur when the cosmological horizon exceeds 

-1O”g. so the black holes don’t disintegrate via the Hawking process, and yet they must form 

before oucleosynthesis if the light element abundances are not to constrain their total density. 

The two transitions that fall into this range are the eleetrc-weak (T -100 GeV) and the quark- 

hadron-chiral symmetry transitions al T -1 GeV. The possible production ol planetary black 

holes has been discussed in each.80,0 

At present. it appears that the quark-hadron-chiral transition might be first order and thus, 

may have some chance. The electrwwak does not appear capable of significant planetary mass 

black hole productionw Quark nuggets as proposed by Witten@” would behave similarly t,o these 

black holes and may instead form at the quark-hadron transition. 

It has been noted6’m~‘1.g’vP1bDZ b t at neither a single cold DOI a single hot, nor even a single 

warm” particle can simultaneously solve all three cosmological dark matter problems in the sim- 

ple model with non-interscling free particles undergoing gravitational clustering. 

Hot particles have MI> lo”& so they give the large scale structure and their large cluster- 

ing scale can put the bulk of them outside of the largest clusters thus enabling R=l without 

conRicting with the observation that R cluster -0.2 to within a factor of 2. However, such 

models need to have galaxies form late” (z<l) which conllicts with observations of quasars at 

z>3.5. Thus, they don’t make galaxies well. In addition, phase space arguments prevent them 

from being tbe dark halo matter of dwarf spheroid&, ” but that is not critical since we know 

some dark baryons must exist somewhere. While cold matter has received much praise 

recently”.” due to its being able to solve the galaxy formation problem and fit galaxy-galaxy 

correlations as well as serve as halos even on the small scales of dwarf gal&es, it does have t,he 
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serious tla~?“~~ of yjt:i~~, all of its matter on scales that should be measured by cluster dynamics 

il light traces mass :I: I’::.:: ;:r:bissed way. Thus, if ClrO,d - 1, then l-I,,.,,,, - I in eonlIict with 

observations. ?:o wsrm prtide mass OS has be& round which doesn’t Ml into either the cold or 

hot difliculty. Thus. there is no simple solution. Hybrid two particle models have also been tried 

using a hot and a cold particle.“’ These also fail because the hot particles will damp out the 

growth of the cold density fluctuations until the hot particles become non-relativistic.m~O’ Such 

damping occurs unless Slr.,d >> Sl,., but from observations Cl,.,,,, <0.4, thus llrold<CIhO, if n-1. 

This dilemma is now forcing various groups to look at more complex models, all of which 

seem somewhat contrived at this time. 

g. Solutions 

Table 111 lists “ugly” solutions which have been proposed and can. with enough tweaking of 

the parameters. he made to simultaneously solve the three dark matter problems. The “ugliness” 

differs from case to case as is listed in Table III. While none are compelling at the present time, 

they at least have the advantage 01 making different specihc predictions which might eventually 

be checked. In particular the “light-nota-tracer” and the “decay” scenarios make statements 

about large scale structure and clust,er-cluster correlations which future large sky surveys should 

be able to resolve. They will also tell us whether the large superclusters and voids are rare or 

common. If common, this would argue for non-random phases and perhaps for the GUT phase 

transition going via strings. It also seems that the biasing to get RCrurl,, s 0.4 is inconsistent with 

the biasing necessary to get the large cluster-cluster correlation function.“’ 

A very nice way to begin to resolve the dark matter problem would he to find some of the 

stuff in the lab. If neutrinos are found to have a mass or if a 1OGeV photino is found this would 

immediately collapse the degrees of freedom in the proposals. Note also that diUerent proposals 

end up with the dark baryons in different locations, ‘I halos versus voids. Thus, finding the dark 

baryons may resolve the problem. 



4. CONCLUSION 

The previous two sections give a sample of what the cosmology/particle physics interface 

involves. Clearly, every period of the early Universe represents events concerning particle interac- 

tions; at the earliest of times, we expect quantum gravity and/or supergravity to be important; 

then, througb GUTS, through the desert to the period of electro-weak symmetry-breaking, quark- 

confinement and chiral symmetry-breaking, and on to big bang nucleosynthesis. At each stage, 

our understanding of the big bang relies most heavily on our understanding of fundamental 

interactions. 

Now, more than ever before, there is a feedback effect where our understanding of particle 

physics relies on cosmology. Clearly, model builders avoid particle msses and lifetimes which lead 

to an R>2 (or if timescales are included flh:>O.3 ) Universe. In more subtle ways too, however, 

the nature of phase transitions and symmetry breaking also requires an acceptable cosmological 

framework. In’the ease of inflation, the early models discussed a strong first order phase transi- 

tion for SU(5) to SU(3) x SU(2) x U(1). When that became problematic, people looked towards 

second order transitions. The point is that the structure (representations, couplings, etc.) dictat- 

ing the type of symmetry breaking is dependent on an acceptable cosmological scenario. 

lo various ways described in section 3, what knowledge we have of galaxy formation also 

makes certain demands on particle physics. The strongest csse made, is the need for dark matter. 

It will still take time for a fuller interplay to take place. On the one hand, there are too many 

dark matter candidates, while on the other, none of them by themselves seem to work well and it 

is as yet unclear what cosmologists themselves would like for galaxy formation. We expect, how- 

ever, that eventualIy our understanding 01 galaxies will be linked to our understanding of the par- 

ticle world as is the ease with most of the rest of cosmology, 



- 23- 

TABLE I 
II 

Scale I &I/L. Implied fl 

Star6 Cl pc -1 to 2 -3 ( 10 

Visible regions of galaxies -10’ pc -lOho .Ol 

-lo6 pe -lOOho -0.0: 

-3 x 1oi pc -lOOh,, Lo -SOObo -0.07 to 0.4 

l Ckes bandwidth consistent with = 2 x lOBho La/hlpc3 

TABLE II 

Popular Candidates 
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Solution 

LIGHT IS NOT AN LINBIASED 
TRACER OF LIGHT 

Version 1 - cold matter 

Version 2 - hot matter 

TABLE III 
Uglv Solutions 

Ugliness 
In the extreme, this means 
observational astronomy 
is a waste 01 time. 
Requires semi-ad hoc assumption 
that only 30 density fluctuations 
lead to light emitting galaxies. 
Requires “special” hydrodynamics 
or magnetohydrodynamics to prevent 
large dark pancakes from becoming 
observable x-ray 6ources. Also 
requires assumptions about fragmentation 
of some pancakes into galaxies. 
(May be aided by shock induced 
galaxy formation.) 

RdWWlCeS 

71 

97 

68 

A COLD OR 1(:4Ri\l PARTICLE Requires a finely tuned particle 96, 98 
DECA1.S TO A HOT ONE model with no other current 99,lW 
AFTER GALAXIES FORM rea~on for the tuning than 101 

(‘heavy d “light ’ ’ Or tbe solution to these problems 
gravltmo - axno + axion or ? 

v.ON-RANDOM PH.4SES (strings?) Opens up a tremendous range in 69.70 
multiparameter space one tbe 
assumption that the Buctuations 
are random is thrown out. 

SHOCK ENHANCED 
GALAXY FORMATION 

Dillerent physical models, like 
strings, do not provide some 
constraints but their model parameters 
have no strong motivation other 
than this class of problems 
Early fluctuations not carried by 
tbe matter (strings or isotbermals) 
enable bot matter to work, since small scales 
not damped, but again require ad hoc model 

61,88 

NON-ZERO COSMOLOGICAL 
CONSTANT 

GRAVITY DEVIATING 
FROM l/r’ AT‘LARGE r 

Requires initial seeds which either 
come from cold or hot models 
with tbeir problems or from 
baryons falling onto clusters 
of planetary maw black bole 
whose production is dependent 
on the physics of poorly 
understood phase transitions 

Traditionally invoked to solve 
cosmological problems, requires tbat 
we live at a special cpocb. 

No known reason lot gravity to 
have any scale otber than 
the Planck scale 

102 

163 
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FI(JJE 1 A schematic plot of the scalar potential for the 24 
of SU(5) at various temperatures leading to a 1st order phase 
transition. 

FIGlJJ 2 A schematic plot of the type of scaler potential 
needed for the new inflationary scenario. 
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